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Porvcrd 

The research described la chls report constitutes the fifth si . 

sKxtths effort under e grent fro« th« Advanced Research Projects Agency, 

Department of Defense under the technical cognizance of Dr. Norman Teilen, 

Aeroepece Research Laboretorles, United Stetee Air Force. The research 

was conducted In the Turner Laboratory for Electroceraalcs, School of 

Electrical Engineering and School of Materials Science and Metallurgical 

Inglneerlng, Purdue University, West Lafayette, Indiana  47907, under the 

direction of Professor R. W. Vest. Contributing to the project were 

Assistant Professor G. L. Fuller, Mr. D. J. Deputy, Mr. I. M. Miller, 

Mr. A. N. Prabhu, Mr. T. R. Raghunath, Mr. R. L. Reed, end Mr. J. L. Wright, 
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Abatract 

Rasult« fro« studies of the resistance of RuO -glass resistors 

during firing and of the surface tension of Che glass are presented, and 

their correlation with the proposed aodol for microstructure development 

discussed. Studies of the retaoval of the ethyl cellulose - butyl 

carbitol screening agent led to the conclusion that the last traces of 

organic aatherials cannot be removed below SOO*C. An investigation of 

the drying of Ru02 • xHjO ««ploying DTA and TGA techniques is discussed, 

and a procedure described for preparing anhydrous RuO with suitable 

particle size range. 
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I.     Introduction 

The current  status of  thick fila technology «s applied  to conductive 

and resistive  formulation»  is  largely the result of empirical develop- 

ments.    The development of new materials as well as  the  improvement of 

existing systems have been hindered by an inadequate understanding of  the 

mechanisms by which electric charge  is  transportea in thick film resistors 

and conductors. 

One of the factors  that any model for conduction  tn thick film 

microcirouits must explain is  the fact that the temperature coefficient 

of resistance  (TCR) of a resistor is much lower than the TCR of any of 

the  individual   ingredients  from which it was made.    Several  possible 

approaches to explaining this  "TRC anomaly" which are being explored in 

this project are: 

1. Changes in contact resintance between adjacent particles 

due to thermal stresses, 

2. Changes in the intrinsic properties of the conductive ma- 

terial during processing, 

3. Formation of new phases which contribute to the ronduction, 

4. Si*e effects which change the intrinsic properties of the 

conductive, 

5. Changes in the geometry factor with temperature. 

Published work concerning these possible mechanisms was discussed 

in the first report on this project [1]. 



Th- prl-ry thru.t of th. .xprl-nfl progr.. 1. to r.l.f th. 

• Uctricl proprtl.. of  the thick fil« to th. «frl.l proprtl.. 

•nd proc.lng condition,  through -icro.tructur..    Th. -.t.rl.l. prop.,- 

tim to b. corr.-.t.d «.:     r..l.tlvlty;   t..p.r.tur. co.fflcl.nt of r.- 

.Utlvlty;  co.fflcl.nt of  th.nn.1 .xp.n,lon;   Int.rf.cl.l .n.rgy;  p.rtlcl. 

•»«p..  .U..  .nd .ire dl.trlbutlon;  .nd ch«ilc.l r..ctlvlty with oth.r 

con.tltu.ot..    Th« proc.lng condition, to b. corr.l.t.d .r. tl... 

t«p.r.tur., «nd «tno.ph.r. during firing. 

Th. .peclflc obj.ctlv.« of th. progr«. «r.: 

1. D.t.r»ln. th. do«ln.nt .Int.rlng «.ch.nl.». r..pon.lbl. for 

«lcro.tructur. d.v.lop^nt.  «nd ..t.bll.h th. r.l.tlv. l^or- 

t.nc. of th. v.rlou. proper tl.. of th. lngr.dl.nt MUrUU. 

2. D.t.r-ln. th. do-ln.nt «ch.nl.nui ILitlng .l.ctrlc.l ch.rg. 

tr.n.port. .nd ..t.bll.h th. r.l.tiv. fport.nc. of th. v.rl- 

ou. piopertle. of the Ingredient m«terl«l.. 

3. Develop pheno-enologlc«! »odel. to Inter-r.l.t. th. v.rlou. 

m.cerl.1  propertl«. with system perforMnc. 

A propo..d »od.I to ..tl.fy obj.ctlv. 1 .bove w.. pr...nt«d in th. 

pr.vlou. roport [2], .nd th. -Icro.tructur. d.v.lop^nt .tudl.. pr...nt.d m 

thl. r.port h«v. b.en developed to test the v.rlou. ..p.ct. of th. .od.l. 

lM.lt. obt.ln.d to d.te are In gener.l .gr..«.^ with th. pr.ditlon, of 

th. .od.1.    S.v.r.I .ub-project. pert.lnlng to obj.ctlv. 2 h.v« b..n 

di.cu...d in pr.vlou. r.port. PI.  2.  3. A] .nd work i. continuing .long 

..v.r.l  Iln... but . dl.cu..lon of the.e re.ult. will not be pre.ented 

until  the next .e«i-«nnu«l  report.    Studie, of Ru02  power pr.p.r.tion .nd 

.cr..nlng .g.nt r.mov.l dl.Cu...d m thl. r.port wer. und.rt.lcn In ord.r 

to contrlbut. to objective 3. 

.__,..   - ■ 
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II.    Mlcro«truccure Develrpnent  Studies 

A.  (frnerel 

Thl. ph... of th. project 1. concerned with e.t.bll.hlng . .cl.ntlflc 

underetendlng of the ^chenl.« of -Icro.tructure fonutlon thet exl.t 

during the firing .tep. of «nuf.cturing. The for^tion of the .icro- 

structure i. the «,.t i.port.nt event in the entire thick-fil. proce... 

«d ..tebllehing de.ir.ble control over -nufecturing depend, upon . 

Proper level of under.tending. A «del for the .intering proce.. developed 

in en earlier report [2] predict. . .equence of gl.s. .intering. conductive 

network fometion. end fin.1 den.ific.tion. P.rt of the v.lue of thl. 

«»del 1. thet 1. .uggeet. experi-ent. thet can be perfor-ed to te.t it. 

velldty. 

One .et of experiment.  Involve, the contlnuou. «ee.ure^nt of 

re.l.t.nce during the firing of Ru02  - gi..8 thlck (ilm r„1.tor8#    The 

intention, of the.e .tudie. ere four-fold:     (1)  to deter-lne the on.et of 

•l.ctrlc.1 continuity .. . function of  te-per.ture et v.riou. he.ting 

r.te. for correl.tion with the .intering «odel;     (2)  to deter-ine the 

oneet of ele^lc.l continuity .. . fu„ction of tim at v.rious ^„^ 

for correletion with the .intering «od.l;     (3,  t0 deteri.lne the re8lgtance 

" . function of tim et elevated te-per.ture. in order to .tudy the 

propo.ed ripening proce..; end  (4)  to propere re.i.tors et known .t.ge. 

of the firing proce.. for .ub.equent -icro.tructur.l inve.tlg.tlon by SBM 

end optlcel technique.. 

The do-ltunt .intering -ech.nl... re.pon.lble for the -icro.trueture 

developed  c.n be directly .tudled either by -ee.urlng the neckgrowth 

between two edj.cent pertlcle. or by deter-lnlng the over.ll .hrlnlcg. .. . 

_ - 
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function of ci» .nd to.p.r.turo. Cine. thl. .y.t« Involv«. • Mjor 

fraction of gU... it i. difficult to porfor. .hrinlcg. ««.uro^nt. .t 

rapailUm -uch beyond tb. .oft.ning te-p.r.tuf of th. gU..; thorefor.. 

only noclcro^th .tudi.. .r« .uit.bl.. Mo.t pr.vlou. n.ckgro^th .tudi.. 

of .infring phon<».n. have b..n c.rriod out by quenching fro- •l.v.t.d 

rnpilllliiu with subsequent ex«.inetio„ by -t.llogr.phic t.nchique.. 

However, only . li.ited picture of the ectu.l chenge. «„ be obt.lnea fro- 

•uch roo. te«per.ture ob.erv.tlon.. end hot .t.ge .icroscopy will be 

-ployed to study the neckgrowth between spheres es . function of tU» end 

tespereture. 

The sintering «odel predicts thet the driving force for conductive 

network fometion is directly proportion.! to the surf.c« t.nsion of th. 

gU... It is th.r.for. .ss.ntl.l to .ccur.t.ly «.sure the surf.c. t.neion 

•• . function of te«p.r.tur. .nd i«purity content. These studies h.v. 

b.en initUtwl, .nd r.sults to d.t. .r. discussed. 

B.  Apparatus 

I.  Resistivity During Firing 

The .pp.r.tus used for electric.lly .onitoring the fometion of resis- 

tors during firing is the push rod furn.ee described eerlier m. The 

resistenc« .nd tempereture »e.suring system used with the furn^e, shown 

.. . block dUgr« in Figur. I, has bc.n .odifi.d in ord.r to MMMM 

highor v.lu.s of resistenc. encountered in firing resistors with low 

concentr.tion. (5-10X) of Ru02. The current in the sample ttm  the lOOOHz 

.inu.oid.1 .ource. V8. is limited by R^. One of the two preamplifier, end 

the tuned «nplifier sense the volt.ge .cross the potentl.l ter.in.ls of 

th. .«.pie. .nd th. r.ctified, qu.si-dc. volt.g« drives . thr.e deed, 

chert r.cord.r; Rcl .nd R^ represent lead wire resistenc. .nd th. 
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r..l.c.nc. of A, .«pu up to th€ ^..^^  t#r|il|uii      iB fottr ^^^^ 

f —.«r^„t. th. M wir. r..i.t.nc.. do not  iofluonc. th. d.t.r-ln.tlon 

I «f Ike r..f.tMc. bot^on th. pot.ntUi  t.r.lMi..  9, ^ for ^ r..l-t.|lc. 

1 M'PU-   ^r* 'ei '^ «02 *'• «tlUlbl..   two tom^l «..ur«.nt. «y b. 

1 IMi.    S«.pi. t«^.r.t«r. I. d.t.r.i..d with . pUtlo«. •  pUtl«. ♦ 10t 

rhodlu. rt ^l, th.t  1. p.rt of th. four l.^l. to th. r..l.tor.    Th. 

i -c th.«.i mä «d th. .c r..i.t«e. «..wn«, voltn. „. Mly M(|ar4ttd 

1 . ^ d0 00t   lnflU•,,C• "" ""**''    Th. ..„.. «piUto, for r.,l-t.nc. 

1 "  '• *- «• «"«„ d.t.ii in risur. ,.   Th. orlgl(|al M(iM 

^ «pllflT.  eo^Ltl«, oi  op-w Al. M. A5 .«d A6 «.d ...ocl.t.d co^oo.«... 

f h.. h..„ «dif,.d by ^diBg . ..cood pr^nn.^ .ult.kl. for hlgh ^.^ ' 

j .^pl...  that c.n b. .«b.tlt«t.d for th. lowr l.F^.M. pr.«plifi.r 

I «l«t Al.    Tb. ... pr.-pllfi.r.  ^ A2 .»d A3 with J»«ctlo« fl.ld .ff.ct 

j tr^Utor input .tM.. .nd th. 10 «.goh. f.^Jb^k .nd Input r..Utor. 

of th. .t-dnrd dlff.r.ntl.l «plifi.r configur.tlo«. h.. . 20 Ite.oh. 

- 1,,Pttt  ^^^ * th% Plu* t-^-1 — • voltng. Ml- of  I.    Th. circuit 

co«.l.tln, of A3.   1100 pf. „d two fU* r..l.tor. .nd oo. pot.ntlo-t.r 

1- . .t.nd.rd v.rl.bl. nng.tlv. c.prclt.nc. circuit.    It. purpo.. 1. to 

c.cc.1  th. circuit cp^ifnc. which con.l.t. «.tly of c^l. c.p.clt.nc. frc 

th. M^U to th. «plifur input.    If  th. tot.I c.p.clt.nc. b.co«. n.,.- 

tl^. th. pr.«plifi.r circuit will o.cllUt. .o th. n.t c.p.clt.nc. 1. 

.-ju.t.d to * 15 pf.    Th. rMet.||c. of   l5 pf u  l000 H2 u aboüt  io _^ 

«d ..  long .. ^  m Pllttr. ! u  UM ttun or #quÄl ^ | ^^ ^^ 

r..ct.nc. c.u... nngllgibl. .rror.    By con.ld.rlng th. nonlnflnlt. l^.d.nc. 

of th. ....urlng circuit 1t 1. poo.ibl. to -k. r.-l.t^c. «..ur«.nt. 

In .xc... of 20 i«gohM. 

MMMU.^ 
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.«pi. r..l.t«c..    fr l«, r..i.t.iie. .«pi.. Vs «d ^ .r. ^4. UriC 

.« that th.y .pproxl^t. . coa.twt curr.nt .ourc.    ünd.r th... coodl- 

tl«« cb. d.fl^tloo of  ch. cturt p.n 1. dlr.etly r.l.t.d  (proportlon.1 

within .^h d.c.d.) to th. .«pi. r..l««c..    «»,„ mmU „.ffnc* 

.r. y.ry Urg. during .<«. portion of th. .,porl-.nt th. o.cllUtor 

voItM.  1. d.cr....d .0 th.t  th. p.n 1.  on-.c.l. for m  Infinit, .«pj. 

r..l.t.nc. «nd ^ l. th.n ..Uct.d for th. b..t ..n.ltlvlty ovor .cm. 

r.ng. of r..l.t«e..    S«pl. r..l.t.nc.. .r. .lw.y. d.t.r«ln.d by co.Wrln, 

th« to .t.od.rd ro.l.tor. r.th.r th.n by d.t.mlng Vs .nd th. g.ln of 

th. uplifi.r. 

2.     Surface Tension 

Th. .«rf.c. t.n.loo of th. gl... u..d m oth,r ph.... of thli proJtct 

h.. b..n «..or^l with . .odlfUd dipping pl.tln« byllnd.r «thod u.lng 

th. .pp.r.t«. .ho^n in Figur. 3.    A pl.tlm. cyllnd.r.0.5 Inch.. In 

dl—t.r. 0.5 inch high,  .nd 0.005 Inch., thlck.l. .u.p.od.d by . pl.tlnu. 

h.ng down ulr. fro. .n .uto^tlc rocordlng Aln.worth .Icro-b.lwc. to b. 

d..crlb.d l.t.r.    A pUtlnu. cruclbl..  I* inch., m dl«.t.r .nd 1* Inch.. 

d..p.  1. pUcd on . c.r«lc .upport .0 th«t  U 1. c.nt.r.d In . tub. 

f«m.c. th.t en b. r.i..d or lowor^l by -.n. of . UbJ.ck.    Th. t-pr- 

•tur. of th. ,1... tn th. cruclbl. l. «„ur«, by , chromirmlvml thmrmo. 

coupl. pUcd In contn-t with th. botto. of th. pl.tln« .ruclbl.. 

3.     Meek Growth 

Th. «ckgrowth b.tv..n .djnc.nt .ph.rlc.1 p.rtlcl.. during .Int.rlng 

will b. ob..rv«l with th. ^dift«! «t.llo8r.ph .hom, in Figure 4.    Th. 

wtlr. optlcl portion uf th. «t.llogr.ph h.. b..n lnv.rt.d on rh. 

fluting «unt. .0 th.t  th. .«pi. c.n b. h..t.d  In .n up-tight  po.lt»on 
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Figure 4.  Metallograph with Video Cameras 
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««. n— ttm *. top.  Ille r.guUr c.ttri sygtem ^ ^ ^^ ^ 
"PUC by . So„y A1)C.32<)0 bUck and ^ video ^^   ^ M^ ^ 

camera  is used  to monitor a digital voltmeter ^K-^ B^L.i voitmeter that measures  the sample 

■ix.. th. t« ,W.0 .1^1. .0 twt th. eBf tnd tiM ^ ^ ^ ^ ^ 

on « Sony AV-3600 video recorder with ston f, oroer with stop frame capability, and observed 

on a Conrac SNA television monitor. 

The hot stage unit on which the samples will he heated 1. a ünltron 

MMS vacuum heating stage modified .Ughtly M .hown in Plgure ^     It con_ 

•Lt. of water cooUd upper and lower portions obstructed of stalnle.s 

.t..l which are bolted together and .ealed with a thlck rubber gaskat 

that slightly separates the two portions; small boUi In rh.   ^ 
' "■"1Jl -'Oies In the gasket provide 

^d-chrough. for *.-^u.. n. tung.t.„ ^ ^^ ^^ 

«-U, u..a u thl. unIt ^ bMn ..pl.ce(i 6y t cyuiidricii ^^  ^^ 

log of M .11 . putloo« +3W chodlum    vlre 
"~    «ire wound on a boron nitride core 

3/8" in dl.«t.r.    r,.. lM.ter ,lM „ th. ^ ^^ ^ ^ ^    ^ 

on . refectory beee .„d i. ^.^ wlth Fib.rfraic ^^ ^ _ ^^ 

r-frecror, t„b..    TH. ...... ,.„„ u . ^ ^^ ^ ^^ ^ 

top of U. b0ron nlcrldo ere. end pU.t»! rHe^oconp!. Ued. ere need to 

record Ce ee^l. te.per.tUre.    Another pletlnel tKe^oconple 1. poeltloned 

in the center of the ho.on nitride core end 1. u.ed to control the t-per- 

•ture of the fnrnece.    T« elnterlng e.perl«„t. .11, b, cmM „ 

under hoth leother», end conetent he.Ung rete condition. In order to 

quentltetlvely te.t th. .Interlng H«.!. 

Since temperatures es high ee  900or -tu  k nign ee  »00 C «111 he employed,  . 5 ,u  thlck 

__ 
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Pl.tin«. foil he.c .hleld with . 0.5. c. hole cover, a quert. viewing 

window. 16 . in di.«ter and 1 „ in thlckne.» a. shown In Figure 5. A 

•butter 1. required between the quart« window and the .pecimen to avoid 

•ny organic «terlal or water vapor condensing on the quartz window during 

the initial heating. The existing shutter »echanis- has been .odified 

.'d now conaists of a quart. rlate with a 0.5 e. viewing hole that can be 

•djuated fro- outside the hot scage. The heat shield, shutter, and 

dlatance to the sa.ple holder require a distance of «ore than 5.8 . 

between the sample and the objective and the standard ünitror FP 40x objec 

tlve with a working distance exactly 5.8 -. cannot be used. l„.t.ad. a 

•pecial focal length lens. Vlckers M-028041, is being used. This objective 

give, a working distance of 14 . at 20x and pen.it. the use of a Corning 

water cooled infrared filter between the quartz viewing window and the 

objective. 

C. Experiaental Procedure 

1. Be.l.tlvity During Firing 

Th. .tudle. of thick fil« resistor firing are being conducted with 

sa.ples containing fro« 5 to 10% Ru02 (95-901 glass). This range is 

being uaed because; (1) it is a test of the .intering «odel.  If th. 

R«02 powder wa. unifor.ly di.per.ed in the gla.. at the.e low concentra- 

tion, the re.l.tor would not be electrically conductive bec.ua. th. 

PTticle. would be .eparated fro. one another by dl.tance. greater than 

1*-. Therefore, the fact that a contlnuou. conductive network 1. created 

during firing r^an. that a .intering procea. .uch a. ha. been propo.ed 

«.-t be re.pon.ible for the ob.enred characterl.tic;  (2) the re.i.tanc. 

during firing 1. typically low enough for ea.y «eaaure-ent with the 

.« 
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•yscem described earlier;  (3) realscore with this concentration have 

demonstrated an elaborate set o£ characteriatics (e.g., changing reai»- 

tance and TTR) that are repeatable in sequence although the rates of 

change are dependent on firing temperature.  Previous experiments with 

high Ru02 concentrations (40-50t) and low resistance values were affected 

by firing to a much smaller degree. 

The resistor inks used for these samples were blended on the three 

roll mill [3], and use 5W/0 ethyl cellulose and butyl carbitol screening 

agent discussed earlier [2]. All samples discussed were screened on a 

manual machine, but future samples will be prepared on the semi-automatic 

machine so that more quantitative comparisons can be made among samples [4] 

All samples were dried to remove the screening solvent and then fired 

under a variety of time-temperature conditions with continuous or continual 

measurements of resistance and temperature as discussed below. 

2. Surface Tension 

The surface tension of the glass is measured by heating several grams 

of glass in the platinum crucible of Figure 3 until thermal equillbriun 

is reached, raising the crucible and furnace with the lab Jack until the 

bottom edge of the platinum cylinder is below the surface of the glass, 

and then slowly lowering the Cvmace to form a miniscus of glass above 

the melt. The downward force on the cylinder caused by the raised glass 

is recorded on a chart until the cylinder breaks away frjm the glass. The 

weight of the cylinder and any glass retained on the rim of the cylinder 

are substratced from the terminal force before breakaway to obtain the 

force required for the surface tension measurement. Two glasses have 

been measured.  Preliminary measurements were done on a PbO-14-92X SiO 
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8U.. in order to verify axperi^nt.! t.chnt<5üe by ^^ ^ ^^ 

r-porfd v.lue. for Si02 8U..e. [51.    Then, «e..««.^ „„ c.rrled ^ 

with the leed boto.ilicete gl... thet he. been „.ed i„ other experiment. 

(62.21 PbO.  24.41 B203.   12.3X Si02  l.OX Al^.  0.6X Bi^) ^ 

The .eper.tion force, deter-ined with the belence »ere «.ed to 

calcuUte .urfere ten.ion value, fro» the equetion 

rh 
v "    4^R      t1' <2-8284 ♦ 0.6095) /ftf + (3 + 2.58 Ü + 0.n h   & 

which can be .i«plified to [5] 
R' hR- 

Y - JE_    a       2.8264C ^K    +    3W!          jM*          0.371C2     % 
E hR RAR        +    ;  ) 

where 

Y • Surface ten.ion in dyne./ca 

"R2P g "S2p 

F - m*ximm  force exerted jn the cylinder - g «, 

2C ■ thickness of the cylinder 

P ■ den.ity of the gle.. 

R " "«an radiua of the cylinder 

o^^- aaxiMia ^,11 (g..) exerted on the cylinder 

The high te-perature den.icy value, of the lead boro.ilic.te gl... were 

dete«ined by the extr.polation of lo.er te.p.reture expen.ion data fl]. 

D.  Results 

1.    Re.i.tlvity During Firing 

About «Mty w« ,„02 „.uco, .MpU. ^ „..,, ttttt ^ ttmmimt 

      - 
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r«.l.t.nce and te-per.ture muwc*m*t. u.lng a variety of tl-.te.pera. 

ture profile..    Mo.t .a^le. are not worthy of individual di.cue.lon. but 

taken « a group they have Indicated to .o- degree the variation. In 

tim and te^erature that r. >ult In re.l.tor.   (electrlc.lly conductive and 

low TCR (e.g. < 2 .egoh«     <      ± 4C0 pp./0c)  .„d ^ 8hown ^  ^ 

firing proce.. and the creation of a conductive network ha. certain 

repeatable ch.racteri.tic. regardle.. of other «inor det.ll..    So« of 

the., characteriatic. can be de.on.trated with .«pie 35. fired at 590oC 

for 550 hour..    The .„pi. wa. qu.nched frequently durlng ^ ^^ 

procedure in order to «a.ure roo. temperature re.l.t.nce .nd TTR and to 

look tor the characteri.tic .ypto« of network fometion ditcu..ed below. 

«S I« Figure 1 wa. .at to 1 «egoh» and the oecillator was .at .o that the 

re.l.tance chart recorder wa. on .cale for an iaflnite re.i.tance .a^le. 

under the.« condition, the .ccuracy in re.i.tance 1. .pproxl-tely ± 51 

for a ...pi. reaiatance of ^ IQOIC. ± 81 at  1 «goh. and ♦ m at  10 Meg.. 

Figure 6 .how. the .proximate roo. temperature (50oC) re.i.tance 

ver,u. tot.l ti- at 590oC and clearly .how. the fon-tlon of . cond.ctiv. 

network between 30 and 100 hour.,  a mUimm re.i.tance of 300i0v at 150 

hour., and than a gradual increa.e in re,i.tance up to 350 hour..    Figure 

7 .how. that the hot TCR (5C0C -  1300C)  throughout thi. period wa. 

•PProxi-tely - 200 pp.A.    Between 330 hour, and 430 hour- a .ignific.nt 

change -curred.    The re.l.t.nce decre-.ed by a factor of about five and 

the TCR increa.ed to • po.itive value. 

Figure 6 al.o .how. the re.i..ta„ce of the ...pie at 590oC.    Thi. 

cperature 1. high enough for the re.l.t.nce of the gla.. to be .ea.ured 

with the wmm^mmt .y.t..;  it i. .pproxi-tely 3 «goh« a. taken fro. 

the «aeurad reaiatance at the beginning of the experi-nt.    The re.i.tance 
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« 590-C —UM««, <«„..., by . fKtor of foür ^^^ ^ ar<t 

330 W..    At  t.^r.tur.. „.„.„ ^ 59o0c    ^  ^ ^^^ ^ 

CH. ..... .. .v„  loMr.   th. ^^ ,, ^^^^^ ^^^  ^ ^^ ^ 

firing v..  lea.  thin observed «c  !„„„ . 

r..l.t.Me « ^ tMp.r.tur. _„„ be ^^ M M ^^^^ o( ^ 

«—.ta..    For .^u.  th. tvo r..l.t.1,c. gr.pli. lnt#rMct ^ ^ 

50 hour, .„d *. „.,„.„„ .t 5woc „ ^ ^^^^ ^ ^ ^ ^^ 

-re .l„lM .t 150 „„.„ „ ^ .iibMqueot ^^^^      ^ ^ ^^ 

ture re«l»t«nce for tinea Rre.t.r fh-« /n« w 
»e- gr«.t.r than 400 hour.  i.  .IgnlfIc.ntly different- 

Its ■agoltude Is lower end  It folio«, rh.  
touow. the roo« teover.ture resistance 

"»re closely. 

The r..l.t.„.e ,.r.u. .«.„d«, e„^r.t(lr. c^„ „„^ ^ 

«—«^ Of *. eo.doorlv. Mn„ki ^^ , ^  ^ M^IIM      ^^ 

th. o.t.ork UV» to toi, ^ ,.... ^^^^ ^ ^ ^^^ 

-ch.01...  prob.bly lonlc.    ^  „ ,_ iB ^^ ^ ^ ^ ^ M 

«ring „. .„.„ th. „.,.„„.. ^^ ^^ ^^ ^ ^^ ^^^ 

rapidly ic lover ta.per.tur«.     it in k. per.tur...    At 26 hour. Plgure gb .ho», . r..l.tMce 

v.r.u. t„p.r.tur. h.h.vlor th.t .pp..r. to h. .. ch.r.ot.rl.tlc of not- 

.or- fo^tlon .0 . decr«.!^ r..!«.,«. M.mi „ _ ^1||1 

-*. the heetlog p^tloo . dip ta th. g-.pb deveUp. .t . t«p.r.tur. 

. U«U I— th.„ the ..tt„l^ te^retur. of the gl„..    Ut.r   „ „ 

^oure.  (Plgure ,c). ^ to0. ^„^ ^^    ^^ ^^ 

thet the „.t.ork l. „re co.pUt..y deveUped, the dip f-t ..l.ted et 

26 hour. h.. hoc« «re .ppere.t bec.u.. the reel.t.«. .t  lou.r t.^r. 

«ur.. 1. lw.r. „d h.c.u,.. . W be. fo«d et . .ugh«y hlgh.r 

«Pereture.    A1.o. .t thl. .„,. of doveU^ot . dip „o. .ppe.r. durl^ 

the ooollog period.    gtlU Uter 1„ ,e.l.tor fo«tlo.. for „^.e. 

— 
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5ft hours,  dip« «nd  bu>p« «xlsc  in both th« haaclng and cooling prof Hot. 

but they are always aora pronounced  in Che heat In« cycl«.    Pigur« 8d 

do«« nor  «aphaslc«  th« Mgnlcud« of  th« dip becau.e  it  1«  located n««r 

th« ««ro of a linear axi«.    Mot only are the dip and buap charactariatic 

of linn print«d r««i«tor«. th«y hav« al«o b««n ob««rv«d in th« firing 

of bulk ««apl«« of    au02 and glass powder rp, mn4i lo mMur9mntt ol thm 

contact resistance bet»e«n two «ingl« cryst«ls of Eu02 in th« pr«««oc« of 

glass [?].    Th« resistance veraua  teaperaturc  for tiaas greater than 400 

hour« i« not shown in Pigur« 8, but it r«Mlns «sasntUUy constant  over 

nil ta^Mratur«« < 600oC, changing only a aaall aaouat corresponding to 

•  c«Bp«ratura coefficient ot  several  hundred parts per ■illlon. 

Proper correlation of the proposed sintering aodel to th« behsvior 

of resistors during firing will r«quir« furth«r study, but th« ch«r«ct«ris- 

tlcs of saaple  35 are cowpatlbl. with the baalc aodal.    Th« itMMM in 

r««i«tance during the first 150 hours would represent th« col««c«nc« «nd 

partial slntaring of th« Ru02 p«rticl«« initially on the surface of glas« 

spheres,  and the increase in resistance froa 150 to 350 hours would 

r«pr«s«nt aodific«tlons in the network due to dansification or to the 

Ätwald ripaning procoss during which int«rf«ci«l «n«rgl«s c«u«« th« l«rg«r 

p«rticl«s of Eu02 grow «s  the —HlH  are dlsonved.     If  the  tuO    p«rticl«« 

did not sintor completely during th« fir«t 350 hour«, at lowar t«^>«r«tur«s 

xntsrfaclal forces would still hold the tu02 in close enough contact for 

conduction  (tunneling,  conducting glass  near  th« p«rticl«,  MCMl cortact. 

•tc). but at higher tewperature« changes  in interfacial forces and 

increaaed  thermal energy would parwlt « snail but critic«I scp«ration of 

th« p«rticl««.    Th« more constant  valuM of  lowar r«sist«nc« with positive 

.... 



«•IM. of TCt M tl». boyond 350 ho«r. .r« c<m.l.tMt with • .lnt,r.d 

•Ktvork of itt02 portlclr. choc U no loog.r lofluoncod by th. coodltloo 

of eh« gUat MtrU. 

It hod boM .ntlclp«t«d that   It would be po-ibl.  to oce.tlon.lly 

9u.nch .MpU. dorloi ch. firing proc... la ordor to d.t.rala. the 

Informtlon .uch ..  .hown In Figur.« 6.   7 «d 8 without «xilfylng  the 

1cro.truet«r. d^.lopmot.    Pr..u-.bly th. inching would fr..E.ril 

.lero.tr^tur.1 unit, in H«c. .«d r.h..tl«g would .l^ly .How . contlnu.- 

tlo« of the network formtlo«...p.eUlly .Inc. th. h..tlng end cooling 

tlM. cm be ..d. .«.i, com«r^ to tot.l firing tla. .t high t..p.r.tur.. 

Figur. 8. with non-rep...:^!, behevlor on he.tlng md cooling .how.  thet 

thl. 1. not the cm.    It he. .l.o bem ob..rv.d on ..v.r.l occ.lon. th.t 

chenglng the frm«oncy of hmtlng end cooling cyclm,  for mmpl. fro« 

omry 20 .inute. to .y.ry 30 .Inut.. of high cmp.r.tur. firing.  InfIrnnc. 

the .mmg. r.t. .t which the network fo«..    Fortumt.ly.  how.v.r,   the 

rmultUg rml.tor. .r. quit. .l.ll.r .vm though y.rylng mount, of tot.l 

firing mr. required to fom the rml.tor.    Thm. . proc.dur. hm bmn 

dmelopwl for pr.p.rlng . mqumc. of .»pie. in predlct.bl. «Iv.nclng 

•totm of d.v.lopmnt for obmrv.tlm with optlc.l .Icrmcop.. .nd the 

.cennlng .l.ctron -Icroecop. In order to bott.r enely.e the    ormtl« of 

th. d'sired «Icroe trueture. 

2.    Surf.c. Ten.Ion 

Th. .urf.c. t.mlon r..ult. obt.lmd with th. epper.tu.  of Plgur. 3 

for • Ib0-U.9n S102 gl... er. .hown  In Plgur. 9 .long with prmlomly 

r.port.d d.t. rSI for t%o glmm. hovlng co^o.ltlm. on .lth.r .Id. of 

th. m. "11111   f.    Th. mrfm. tm.lm wer.u. tmp.r.ttT. follow. . typlc.l 
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linear for« and is seen to be in good esreement- uii-h ►v- - 
»uuu «greenenc with the previously reported 

result», indicating proper measurement technique. 

The surface tenalon of the PbO-B^-SlOj glass used for resistor 

fabrication I. shown In Figure 10 over a larger temperature range. The 

-agnltude I. typical of that previously reported for similar gl.s... rsl 

The temperature dependence of the surface tenalon Is not linear, but the 

change amounts to only 10X over the temperature range. A negative tempera- 

ture coefficient of aurface tension had been previously reported [5] for 

Pb0-B203 glasses having 50-80X PbO. 

The effect, of surface tension have been demonstrated on a qualita- 

tive, but dramatic level during the resistor firing experiments. Several 

samples, partlculary those with 5X Ru02 content when fired to high 

temperature developed a characteristic at the Interface of the resistor 

and conductor that con.lsted of a notlcably reduced thickness and reduced 

content of RuOj. An example of this Is shown In Figure Ua In which the 

relative lack of the dark Ru02 Is obvious fro« the photomicrograph. The 

reduced thickness Is apparent fro« direct visual observation and was 

verified with a profilier. This phenomena produced a severe problem 

because samples would appear to be open circuited or very high In resistance 

when the bulk of the resistor was otherwise oor^l. The depletion of 

glass at the Interface could easily be explained by the previously observed 

affinity of the conductor paste for the glass. This can be seen In 

Figure Ua where the glass ha. diffused much farther Into the conductive 

that It has across the surface of the substrate. The Initial dimension 

of the resistor can be seen by the black area on conductive; the RuOj 

does not propagate through the conductive. 

____ 
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a. Resistor-Conductor Interface 

b. Addition of Bi»0 
2 3 c Addition of B1»0 

2 3 

Figure 11. Effects of Surface Tension on Resistor Fomuitlon 
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The reduced concentretlon of RuO .► th. ^„^. f 
»""2 •. the interface mutt be due to .« *.„»...„„ „ .dditio<110 ^ tutmtm oi ^ ^ ^ ^ ^ 

b.c.».. th. op^on...  ..  u..  ,„.„ „„ be expUiM(i ^ tiit ^^ 

thickness of the Blass       T« ^ASJ^J 

1. th. p.«. „ ^ ri] .huh .„. M 4 au]t ^  ta^ ^^      ^ 

."«ct ch. propertle. of th. r..l.tor gl.,.. 

r..l.t.r.    I,,. ^CUy .dd.d ... „„ .^^^ but u ^ ^ ^^ 

*«. ... - U ««ur.    ^ Ur8. d.rk „.. „.„ ^ ^^ ^^ ^ ^ 

."..«. .r.. u »ch 1.rg.r ^ tlw iiiitui particu J1M   ^^ 

* 1"flU*,," ^ thl' -" —« - ".»3 ^ «-« to M- ^ 

M.U d.rk «pots and "whit. t.ll. ' ,..<_  . . Uilt . r.gl«. of gl... vow „f Ruo   ritUTt 

». .ho« gr..t.r ,„.1,  „ „. d.rlt.ned ^     ^^^ ^^ ^ ^ 

».Lfor 1. mam^f dn,t M thl. ^„„^„^ ^^ ef£K^ ^^ ^ 

characterised by non-uniform aaalo—r.^^^    *    L "" "ggAOBeration of the RuO 

HMH-« .ork h.. .ho^ thot thl. i„t.rf.c. ^ c.n b. .vold#<| 

« th. coodoctl.. u f ir.t co.t., wlth .„ ^^  iiik ^^^ ^ 

«u02. hot th. c.t..trophlc .ff.ct. on th. oondoctlv. „.Work fro. . 

.urfoc. „tlv. w„t .uch .. Bl203 ^ f.r.rMc|iiiig ^ltcatlc<tiorit 

*-Uty cootto. hoc«, «oh «„ i^toot i„ th.t ch.ng.. „ tamltt 

ct.« of .t.rtl, „t..... o. .oh..r.t.. pr.vt01Mly _..„„.,. uiii>portaiYt 

«y h. .Ignlflcot  If  th.  l-porltl.. .r. .ur,.c. .„.„.. 

__,_. 
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3.  SEM Studies 

So« example, of re.i.tor «icroetructure obt.lneJ with the .c.nnlng 

electron «Icro.cope (SEM) are .hown In Figure 12. The re.L.tor. were 

•tched with HC1 to re.ove the le.d fro« the .urf.ce of the gl... ., 

pr.vlou.ly deecrlbed [4]. The gl... bei«, the.urfaceof the .^otogr.ph. 

•till conteln. le.d end 1. therefore opaque. A. with the optlc.l .Icro- 

graph. dl.cu..ed In the preceding report r^. a -Icroatructure of Inter- 

connected loop, of .inrered Ru02 particle, a. predicted by the .intering 

model can be observed. 

Many of the loop, appear to be unconnected becau.e they do not He 

in the plane of the photograph, and hence part of the« 1. ob.cured by 

the opaque, lead containing gla... The ..alle.t particle. ( 0.1^) .how 

the greate.t degree of .intering a. predicted fro. the rate equation.. 



— 

/- •/ 

a.   3000x b.lO.OOOx 

c.   201OOOx d.   lO.OOOx 

Figure   12.     Scanning Electron Micrographs  of Etched  Resistors 
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III.    Screening Agent Removal 

A.  General 

Screening agents are organic liquid« blended with the glass and other 

inorganic powders so that the resulting fonmilation or ink will have the 

proper rheologlcal characteristics to be deposited onto the substrate in 

the desired patterns. Screening agents usually consist of at least a 

polymer dissolved in a solvent so that the films can be dried to be 

mechanically durable. Presumably after deposition all of the organlcs 

are removed by evaporation, decomposition, etc. However, to say that the 

•creenings agent's only contribution to the manufacturing process Is to 

fecilltate printing is. in general, an oversimplification because the 

polymer may not have been completely removed at temperatures where the 

glass begins to sinter and/or the polymer must leave by a decomposition 

process that may require oxygen.  It is easy to invision condition« in 

which some of the oxygen required for the decomposition reaction would 

come from Inorganic compounds in the film thereby changing the composition 

of the f.lm. It is possible that some conmerclal thick film inks are 

characterlred by these forms of non-ldoallty and. In fact, were developed 

to be optimum In performance when the screening agent does Interact with 

tne Inorganic materials during firing. That would explain why best 

result« are sometimes obtained when the kilns are fumed to some degree; 

chat Is, the atmosphere is purposely contaminated with organic vapor, to 

reduce the oxygen partial pressure at the surface of the film being fired. 

■ - 
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Because of the chemical complexity of conwrcial screening agents 

and the lack of available information concerning their precise chemical 

composition, a chemically simple screening agent was developed for this 

work.  It consists of 5W/o, N-300 ech/1 cellulose dissolved in butyl 

carbitol, and has been demonstrated as being adequate in printing and 

drying performance. The purpose of this work is to more quantitatively 

describe the drying procedure and removal of the ethyl cellulose in order 

to establish trying procedures which guarentce that no organic materials 

renain in the films during firing. 

B. Apparatus 

In order to determine the rate of organic removal, a double pan TGA 

•yi em was constructed that enables accurate, simultaneous measurements 

of both sample wieght and temperature. The basic system, show». In 

Figure 13, consists of two identical pans symetrically located in a 

furnace. The sample pan is attached to an automatic, recording Ainsworth 

microbalance which, with the sample suspended in air, has an accuracy and 

resolution capability of about 50 ^g and an automatic range of 100 mg. 

All weight changes are detected by a linear variable differential trans- 

former (LVDT), and recorded as a function of time. The second pan is 

rigidly attached at the same height as the sample pan and a small thermo- 

couple is located adjacent to the duplicate sample to determine the 

temperature of the sample on the balance pan. Previous tests with various 

samplen and heating rates have shown temperature agreement between the 

two pans to be within 40C. A thermocouple cannot be used on the balance 

pan during weight measurements because the stiffness of the thermocouple 

leads from the crucible or hangdown wire to the walls of the system would 

cause unacceptable errors in weight measurements. 

— J—-»—^—■!■»■ 
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ThcraogravlMtric AnalyaU Apparacu« 
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C.    Proceduya 

Th. -o.t «.ningful for. of wtght  lo.. mjUUm would b. with 

fitai .cr..n prtnfd onto .ub.tr.t...    Howv.r.  it 1. „ot po..ibU f 

—mm. the r.«>v.l of th. UM f.w parent of .crooning .g.nt.  th. 

qu.ntlty th.t 1. of gr..t..t lnt.r..t.    Con..qu.ntly. .U wight lo.. 

"'    "  " Wer6 CftrrlÄd 0ut with «PProxl^t.ly 40 *       of for«l.tlo« 

1» .«U cruclbl...   7 m ID .nd .pproxl^t.ly 10 - high.    Th. wt.rl.l. 

lnv..tlg.t.d hy TO, W.r.:     (1) butyl c.rbltol ^^^    (2)  ^ ^^ 

•gent; .nd    (3) .„..ning .g.„t plu. 40v/o gl... powd.r (th. lnorg«lc 

contont of .11 prtntlng lnlt8 u,.d „ other „„„„„„^    ^ 1|||M|l 

«..ur.-.nt. w.r. »ad. under both l.othem.1 .nd con.t.nt ^.tlng r.t. 

condition.,  end in th. .... of liquid .-pU..   (1) ^ (2) .^  lt ^ 

po..lbl. to d.t.r.ln. W.por.tlor. r.t.. pr unit .urf.c. «... 

D.     Result« 

Ev.por.tlon .tudi.. were begun with the vol.tllL.tlon of th. .olv.nt. 

For . liquid in .quilibri» with th. g.. ph... th. kin.tic .h.ory of g.... 

giv.«  the  evaporation of th. liquid as 

14 " P ^2"RT^      8«./c«    -  s.c ^j 

wh.r. P I. the v.por pr...ure .nd M 1. th. «,l.cul.r w.ight of th. g... 

Th. CUueiu.  - CUperon equetion r.l.ting v.por pr...ur. ^d t«ip.Mtur.. 

d  In P 
dT 

RT' 

wh.r. L 1. th. l.t.nt h..t of v.pori..tlon, c.n be int.gr.t.d to 



—- ^ 

p - -L/RT 

(3) 

Equation  (1)  giv«s 

"ItlO, can b. r..rr.n8.a lot» irx f^m 

(*) 

In    („T *) - Ja 
«T (» 

^T ) v.™ ./T .^ k. . .tr.l$ht llM ^ i ^^ ^ ^ ^ ^ 

Lcrcp. o, O .    „,„„ u ^ ^ itM|>#raii ^^^^ ^ ^ 

k^l »MM „ .».tMt ^„.^ pletgd ^ ^ ^ ^ ^^ 

(» «« I« .^h <or co.,«,..« miatkHm ^^ 

- U cM .. ..,„ th.t th. .OIy„t wmmttm in ^ ^^^ ^^ 

■—.. M« -...,«„.. „ ., th.t .„ t|># ^^^ o< ^ 
dU.«. ... .U.. », „.^..^ o( ^ ^^^ doti ^^ ^ ^ 

reUtlomhlp of «quacion  5. 

N^. .5. *«. ». rKlprlc.l „ th. ^^^ ^ ^ ^^ 
« .-.c„. t^.r.t.IM ^ „^ of mwt ^^   ^   ^ 
th.. M r.t. u CM1.t„t „^ ^ u.t ^ ^^ ^^ ^ ^^ ^ 

M.     „ m .,... .^„^ ^ ^^^ o( ^ ^^ ^M< 

-M -.y Mri c.u..M. ,«.,„.. „ thl. CM#i 5./o   ^^ ^^ 

U .-.. M. M P„.W. .f th. ^ c.UllloM (1#crMMj ^      ^ 
tl~ r.t. (eh. ,,.„, ^ .„. rMlprlc#i) ^^^^^ M ^ ^^ 
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coocnc.    TM. cw.^ r.t. could „. ^ .. . „^ ^^ ^ ^ 

~c M«, «. _. Uk.lyi  M . iry ^^ ^^ ^ ^ ^^^ ^ 

-P.-.. CH. ..pon..ti„.   ^ pr...„c. of gUM iui ^ ^ ^^^^ 

-f«.  . «.por.Uw r.t..;   ch.   r.t. b.glM  ^ ^^    tUßUUmtir 

"Ixn 5« o£ ch. .olvtut h.. .,.por«.d. 

...... of CK. ..p.n...». o£ ...„„„_ r.tei ^ ^^^^ o£ ^ 

..P«i.«un p.«.«,.... ,. ^ tht ^ ot thu ^ ^^^ 

it ... ..old., co .dope .„ mmtUtl t„tMch to ^ UfBiBt o£ 

mi. dn-t^ p.oc.......   I0 cht. .„,. . .^^ ot ^^^ ^^ ^ 

*0 /o gU.. ... .ry.d .c . conit„t „.^ ^^ o£ |.cMtai  ^ ^^^^ 

«. .ho« ta Flg(lt.  W,    ^ wlght  ^^^^ u totji ^^ ^^ 

.».por.tlng ,ul.kly .c Aoat isoo,. w_w^, „ . _,„ . 
»puraLe» «t a nearly constant 

r.« «„ .„.„c l80°c co 220oc.    n. »^ ch.nge ,_ 2, oc „ 340„c 

"P...... C U.. of ch. .chyl cuou...    «. lo.. of ^ C.11(I1OM 

h.. h..0 .cu. «. c.refül,y to d.ter.ln. tlie rtte o£ ^    ^ ^ ^^ 

•o-pl.. of g.... .^ .„..„^ wnt UM<1 for au    ^ .^^^^ ^ 

r.c. locr...«. fro. .bout 25 u gr„/Mn mt ^^ ^ >kout ^ g^^ 

« 300-C.    Th», .c 3M»C .„ „..ur.61. ,11„title. of ^ (#IUUM CM 

h. r«ov.d u ..,„.. .f,«...    ««l-.ttly> ^ ^.^^^ ^ ^ 

«-   .-P...   .h...   Ch.C   CCC.  ^oc.   Of   r..ldu.   fro.  ,...   .thyl   C.UU1OM 

..i.c .... .fee «, long ^^ „ 3^     I.^MturM ta m       u 

300 c m r^i^ co „«,. ch. u.t er.c.. of ot8.nlc r..ldiMi but ^ 

.1... .uc.,1^ u «,. r.pld u. th. org.nlc nmKml u ^ ^ ^^ 

- 
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Therefor«, although Che ethyl cellulose fonu a screentpg agent that is 

adsquace with respect to its rhyological characteriitics it will yield 

the situation where «oae organic material will be present after the glass 

has flowed; the effect on re iscor perfonance is not known. 

■ ■   ^MHMHHHIHMMWMMH^^MM 
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IV Ru02 Powder 

A. General 

Although thick fil« resistors have been made with ruthenua added by 

metal resinates and ion iaplantation, all resistor samples in this prograa 

are made with Ru02 powder. The powder can be made by oxldizint ruthenum 

■etal, but this requires a long tisw at high temperature (e.g. 2 days at 

1000 C rn), .nd the resulting particle size is larger than that obtained 

by other aethods. The aore desirable method for shorter preparation times 

and smaller particle sises is to precipitate a hydrated oxide of small 

particle sise from asoluable salts, and then dehydrate tc form the oxide. 

The general technique,with specific examples, has been discussed by Angus 

and Gainsbury r61. They report preparation of the hydrates by precipitating 

solutions of ruthenium chloride, sodium xuthemate, and ruthenium tetroxide 

with sodium hydroxide, methyl alcohol, and hydrogen peroxide, respectively. 

They also report that the temperature of dehydration affects the particle 

size of the oxide, and that the particle size of the oxide in turn affects 

the resistivity and TCR of thick film resistors. Heating the hydrate for 

one hour at 500 C resulted in approximately 0.3^n  particles of oxide 

whereas heating for the same time at 800OC resulted In l.^m  particles. 

This comparison is typical and is due to increased grain growth at higher 

temperatures: the driving mechanism Is a reduction In surface area. The 

effect of the smaller particle size on the properties of the resistor was 

to decrease both TCR and current noise although the resistivity was 

unaffected. The properties of reslsotrs should be Influenced by the 
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particU size of Che conductive ingredient because of it» influence on the 

development of the conductive network «• explained by proposed sintering 

aodel. In this case the lower TCR could be due to the increased scattering 

associated with the smaller particles.  Because of these types of 

interdependencies it is important to adequately characterize the particle 

sire and particle size distribution and to hold these parameters constant 

by standardizing the method of preparation. 

B. Experimental Procedure 

Since ruthenium dioxide hydrate (RuO  • xH 0)  is coMiercially avail- 

able, quantities were obtained from both Englehard and Hathey Bishop for 

dehydration to usable oxide. The dehydration is exothemic to the extent 

that care must be exercised in order to avoid a spontaneious reaction. 

To plan an appropriate dehydration procedure and to better characterize 

the hydrate, both DTA and TGA measurements were made during heating. 

Qualitative DTA results were obtained with a laboratory assembled instru- 

ment of standard design, end TGA measurements used the system of Figure 13, 

In addition to these measurements an electron spectroscopic chemical 

analysis (ESCA) was done on the surface and a limited number of resistors 

have been prepared using the dried RuO.. 

C. Results 

The qualitative OTA results. Figure 17, «hows that the two hydrates 

are quite different from oi o another, probably due to different starting 

materials and processing conditions. The single peak at 230OC obtained 

with the Englehard hydrate and the double peaks at 1860C and 2850C with 

the Mathey Bishop hydrate could represent water loss; this would be 

^MMIMMM _____ 
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typlc.1 ot ...hyör«!«,.   Although CM t,ttmt m of iutmu ^ ^ 

tk. Hd. for th. fc.UtaH «„Ul i. «.eh !„,„. th. .„„„ pMta 

obd«.. .1th tk. Hac^y ,ui»p hydr.c. ..„ t. b. tmtttmtlM th. .„^ 

P..1..    Th. .xcthe^c p... .. ,-^0 ot,£4in.d .^ the ^^^ BIWUI 

1. unc^nly high i, c.^.r.tur. £or d.hydratio„.    „,,. ^ ^ ^ ^ 

to th. oxid«!« of c.^., .,,„ ebmictl .n.lysl. „^^ ibott 2W/o 

crh«. i. th. hy,)r.t..    „,. Kitu of che ^^^ is iYot ^^^ ^ ^ ^ 

pr...nt  i„ .uch Urg.    qu.„tltl..  1. wli ^ „ „.„. „^    ^^^^^ 

.<-~h.r. 1„ pro..,.l^, ,., .„.„!. fr0(L chMlb,rl>,d iU-iol     ^ IOA 

-...«.«„t. « fc.totart hydrMe> Flgure 18 ave ^ emtuttmt yuh 

.or«l tohydr«!«, or .ith tn. m „.ult. .^ ^ ih<w ^ ^^ 

co..t..t r.t. of «l8ht l0.. t|>roiighout ^ ^ ^^^ MW    ^^ 

by m.    Although th«. .„ „.to» ol ch.^1^ .up. £o, .11 thr.. h..ttog 

r.t.. ttoy do „ot corr..po„d to th. «.to .„„ v.iUy. ot ,„, „A ^ 

*..u.tog th.t .11 ot th. «toht lo.. l. Ptgor. „ ... du. M .„„_ ^ 

ch«.lc.l tor«l. of th. hydr... would h.d to h.v. b«„ «u02 ■ 2.1 » o. 

Th. TGA ■». » do .ho. th.t .d.qu.t, drying condltloL „.t to u..d 

f.r M^toto .«„ r«v.l. ho..y.r.    „,, th. .Wit ^^ ^    ^^ 

i«. .ufflctont  to achieve coml.t. ..t.r r—»...i  ....w <-pi«c. ..t.r raov.l .ith . «.xlnu. t..p.r.tur. 

of SOO'C.    At th. .or. r.,ld h..tl^ r.t.. „tgKt lo.. .. co„.toul„g « 

500°C .„d .ddltloo.! .to. „ higll to^to« «„.I., to r.,„ir.d for cc-pl.t. 

-.t.r r.«,.l.    Slnc. » M..ur.Mn„ dorlog „.„^„^^ ^ ^ ^ 

r.port.d for ottor hydr.t. oxid.. .ho. . r.pld «fght u.. i„ eh. t^.r.. 

tor. r.ng, .««.to-ta, to .„ .xotton..   th.  r..ulr. d..crlh.d tor. .r. 

-imculc to tot.rpr.t.    It to. to- propo..d t,! ttot ,u02  . - 0 u „„ 

•ctu.Uy . hyd..t. tot r.th.r v.ry -U wuu. of ^. ^ ^^^^^ 

- 
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wer on eh. .„rf.c.. Thi. could «pUin the TGA re8ult. ^ ^ ^ ^ 

Furth« Work will b. ^^ for . ^ ^^^ undergtanding 

B...d prlMrily on ehe m r..ult8 . proc.dure ^^^^ for 

tofi*  th. E^leh^d hydr.te in . gcandard ^^^^ ^  ^ ^^^^ 

tur« 1. Incr««.ed every half-hour es follow.: 

Time  < 
(hr.) 

1/2 

1 

1 1/2 

2 

2 1/2 

3 

3 1/2 

4 1/2 

5 

5 1/2 

6 

6 1/2 

7 

7 1/2 

8 

Temp 

80 

95 

115 

120 

125 

130 

136 

150 

164 

180 

200 

230 

280 

330 

360 

400 

I». «Jo.-Uy ot tn.Wi.u.1 «, wtlcle. r..uUIng ^ ^ ^^ 

•ch^U «r. ta th. o., . 1.(U. .IM ^ M ^ ^ ^ ^^^ 

electron micrographs.  Figure 19. 

I. v.rif, ^ u. oxid. ... .ult.bU for ^^^^ ^ ^n ^^ 

o. r..ut,r i„k «. p«,.,..,, .„..,. prliiM<1 ^ ^^ M 85o0(; ^ io 

«"«"..   Ih. U ,/, Ruo2 (82 ,,, iUM) rMlitor# ^ wroxiaiMiy 

—  



9 £ 

a.     Mathey  Bishop,   10,000x 

h.     Englehard,   lO.OOOx 

Figure   19.     Scanning  Electron Micrograph of RuO     Feeder 
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276 JJQ   .„d the TCR «M «bout +400 pp./0C.    Although  th. TCI is higher 

th*n desirable overall perforaence «eems adequate considering the 

arbicrary choice of £iri..g procedure. 
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V.    Sunary «no fticur« PUn« 

** scudl«. oi .icro.truccur. <l«v.lop^nt h«v« yi,ld«d ^.ult^ In 

«Sr««enc with ch« pr.olcc.oo. of ch. ..quontUl .lot.rlng Md.1. but 

qu«at.tiv. corr.Utlon» n#.lt  lutur. work. 

Studl.. of IINMllg «ft.nc  r«»v«l «aeov.r^l • pot.ntl.l prob 1M 

MM In that th. U.t crac«. M org.nxc ■•t.rl.l. «r. not raaovod .t 

tMp.r.tur«. b.low tho.. .t «mich th. SU.. flow..    New .cr..nlnt «g«nt 

cy.tM. will be Invn.tlg.tM  to ov.rcoM thl. problM. 

Studl.« of th. drying of  ruthcnlu» dioxide hydr.t. h«v.  r..ult.d 

I» .CM unexpected  re.ult..  but  .n Mp.rlc.1  proc.dur. h«. been d^.lopod 

to produce .nhydrou. RuOj  10 EM de.ir.c p.rtlcl. .U. rwi«.. 

Oth.r ■Cudi.a to b. cootimMd or InltUtMl during ch. coming porlod 

Ine lud.: 

1.    Slnt.rlog 

Th. oicro.tructur. d.v.iopMQt during thick filo r«.l.tor firing 

which IMÜ to the fomttlon of  th. phy.lc.lly contlnuou. oocwork of 

Cho conductlv. ph... i. b.ing .tudl.d by hot .t.fce olcro.copy.    The 

spaced .loterlng -.ch.nl.o. r..pon.lbl. for th. .lcro.tructur. d.y.lop. 

MM h.v. b..n oi.cu...d  in d.t.U  In • pr.vlou. r.port.    Th. g.n.r.1 

MfMMlM for tn. tim d.p.nd^nc. of th. n.ckgrowth for th.  Inltl.l .t.g. 

• Int.rlng of two .ph.rlc.1 p.rtlcl.. of r.dlu. • can be glv.n by ^ - Kt, 

wh.r. x is th. radlu. or  en. n.ck «t tUm e. and K 1. a content for tha 

particular «y.tao at any giv.n  teoperacure. 

Th. valua. of . and n ror  ch. dlffarant »Int.rlng -ech.nl.«. can be 

euooarlE.d .. follow*. 
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Newtonian vmcou»  flov 

b.     Conductive ».tu«^^ 

1) VOAUM* üixfujior 

11) Surtac« oi.tfu«i.ofi 

ill) Cratr. oouno«ry ojufucioo 

lv) Solution-?r«ck?it«tion 

5 

7 

6 

n 

1 

2 

3 

2 

I 

2 

(•) No ftrlak^t 

(b) Shrlnk«g« pr«««nc. 

I) UU  .i-Ulng .t«p i. th« dlffu.ioo      6 
Hux out of th. circular contact 

U) Ph..« boundary ruction Uadlo« to        4 , 
•olutlon  U  th. rat. ll-ltlng .t.p. 2 

For .ineanng .tudu. .p*^ ^^ of ^ ^ ^ ^ ^ 

Ch^ th. funuc. ..uta.n.d at  1200«C and th. ^ .ph.r.. by «.„ of 

- .lr grind« fro. th. ^ ^ CTy.t^    ^ ^ ^ ^ ^ 

m***m . v^u* 9mmmt . ^ r#cordtr ^ i -ooitor   T^ ^ 
c^ratur. .tu ^ b. r.corä.d .^.„^ by ^^ ^ ^      ^ 

t.l.vi.ion c«.ra and a .pacial .ff.cc. g.n.r.tor. 

Th. t^ortant proparti.« of th. al.,, .£f^r,Ä1, -.    t.d »."■ ■■■■■ .tt.cting th. kiMtlca of 

• Int.ring ar. vlkocicy    aurfaca r.n.«M      _. . 
y, aurtac. t.n.ion.  and ita wattabllity to luO 

it h.. k..„ u^ tlU[ ;o. iiM. AlMt c<mtiMif Mtj ^     ■ ^ 

** U^M«. .urtK. ,__ .„o yl<ocity OT ^ ^^^^^ ^ 

"dipping cylinder ».thod" «nd th.  "anh-r- .—K^M 
•no en« aphar. ■.thod" r.sf«ctlv.ly. 

Th. n.ck growth data obtainad b-   nt.rl« nf -i    ^ 
.nt.rlng of gUt0 tptor.. will b. 

uaad to varlfy that ll«,tonUn vl.cou.  flow 1 ,  th. d    , 
coua  now la the dmlnant Mchanlaa for 
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eh* (UM •laccriaft.    Pro« CM «lop« JI   ch« plot of — versus c and 

uol«t Ch« «xparlMnCAlly OcLarmin««.  values  of  tr»e  «urtsc«  tension  ch« 

viscosity of   Ch« gl«s« «c   Ln«it«Bp«ratur«  can 0« d«c«rsiin«d.     This value 

of vlscoclty of  ch« «la»* can ** coaparao wich ch« viscoclcy valu« 

d«t«rain«d  frosi ch« Msph«r« aschod".     Fro« ch« n«ckgrowch data obtained 
■ 

for ch« conduceIve •..ncertai.  plocs of —    versus c can be obtained for n 
a 

dlff«r«nc values  of ■ and n ano  ch«  Appropriate  sintering ■echanlsms  can 

be d«c«raln«d.    Pro« ch« slopes oi  ehe ebove plots,  ehe «acerial properties, 

e.g. diffusion co«ffici«ocs.  tmtMiami im ehe conscanc K can be determined. 

Sintering experl«snts mill also be carried out using RuO    spheres of dlfferenc 

particle sites  in ord«r  co «xaain«  ehe  proceen of Oscwald ripening which, 

it  is  postuleted,   leads   co Che discontinuity  in  die conductive network. 

After the kinetic expressions  for  tne   isothermal  sintering processes 

have been obcelned.   ehe sintering experiments will be carried out  on 

continuous haacing e«ploylng  linear haaeir.g races,  and ehe kinecic 

expressions will be appropnacaly «odKieo.    Pro« Che known values of  Che 

surfece  tension end viscoclcy of  Ch« glaas and  solubility of RuO,  in Che 

glass ac dlfferenc ceaperacuras  ic should be possible co assess Che effecc 

of chese vsrisbles on ehe kioecic» of sintering. 

2.    BlectricAl Propereres of. cne Ru02-Class Interface ReRlon 

Even chough resulcs  .-eporced  previously  indicate  that  ehe elec- 

cric«l propercioa of esuU parcicl« als« Ru02 are signlficancly dlf- 

ferenc fro« thoae ot «asslve single crystal RuO      the differences are 

noe great enough co explain ehe neerly-zero end sametlaes negecive TCR 

observed with thick fil« Ru02 resistors.    This  phenomenon must be du«  to 

en additional «ff«ct resulting fro« the presence of the gless.    In order 
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to b.tfr ch.r.cteru. ch. '.confct" r.»i.t.nc. betwan .djacant region, 

of 8u02  In the gl...,  Bingu cryt^u of ^ vin be ^^^ ^ 

SUM in •erying tnicknee.e. end .uit.ble counter electrode, .pplied. 

Current-volfge ■■■■«■11 .nd c.p.cit.nce -e..ure«nt- .. . function 

or bi.. volt.ge will be ».de in order to det.mine the »cheni.- of 

ch.rg.  transport  through the glass film«. 

3.     Pflrti^le Size Effects on the «..istivlty of RuO 

Pr^iou. .tudi.. on thi. project  indict, thet th. .pparent .l.ctri- 

cl prop.rti.. of .«U p.rticle size  (so-iorf) Ru02 «y diff.r fro. th.t 

of th. bulk,  .ingu cry.t.l v.lu..;  the el.ctric.l r..i.tivity «.y b. 

grMt.r by . factor of .bout thr.. and the TCR lower by .bout th. .«ne 

f^tor.    A po..ibl. expUnetion for th... pheno«n. i. that the .c.tt.ring 

of the conduction elec.ron. i. incree.ed due to incre...d .ry.t.l d.f.ct.. 

Thi. incrM..d .c.tt.ring would incr...e the resistivity and. since defect 

•ctfring h.. . .«ii.r te-perature dependence th.n phonon .c.tt.ring, 

th. TCR would b. low.r.    Th. incr...ed sc.ttering .t th. .urf.ce would be 

-or. infWtl.l with .«U pedicle, .nd,  .inc. the .«Her perticl.. are 

pr.*«^ .t lowr t«per.ture,  there «y be . high« d.gr.. of cry.t.l 

di.ord.r throughout th.ir volu«.    Thu.,  the indic.tions th.t th. 

.l.crric.1 propertie. of .«U sir« powder .re different fro- thoee of 

bulk .ingl. cry.t.l .r. not incon.i.t.nt with th.or.tic.1 prop.rti.. 

of «t.rial.. 

Th. procdur. for d.ter-ining the re.i.tivity of the powder will be 

to uniformly di.per.e the powder in . proper «trix, «a.ure the resis- 

tivity of the co«po.ite,  and apply the proper -ixing rules.    A review of 

h.trog.n.ou. .icro.tructure. and th. ...oci.t.d mixing rul.. .how. that 

for «xi«. ..n.itivity to the re.i.tivity of the di.per..d ph...  (Ru02). 

imm 
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Che resistivity of the matrix material should not be greater than ten 

times the resistivity of the powder. This excludes common dlspersants 

since they are usually high In resistivity, and even liquid electrolytes 

of strong acids and bases. The only suitable materials In terms of 

resistivity and ease of handling are moderately low melting temperature 

alloys such as tin-lead solder and the family of alloys with melting 

temperatures near 100oC (Wood's metal. Rose's metal, etc.). The dispers- 

ing procedure will be to melt the alloy, add the powder, and mix with a 

propeller while under a vacuum to avoid entrapment of air as a third 

phase and to minimize oxidation of the alloy. 

4. Effects of Substrate Expansion 

Substrates with coefficients of linear thermal expansion varying 

from 2 to 10 x 10 /0C have been obtained and flame sprayed with a thin 

coating of alumina so that the resistor-substrate Interface will be the 

same In all cases. The resistance and TCR of resistors printed and fired 

on these substrates will be measured and the results analyzed in light 

of the results obtained with the Ru02-glass composltles. 

5. Test of Models 

The sheet resistance and TCR of resistors and conductors will be 

determined as a function of volume fraction of conductive phase to glass, 

and as a function of particle size of the conducting phase and of the 

glass. The Important glass parameters (viscosity and surface tension) will 

be varied at constant thermal expansion, and the results compared with 

predictions of the mlcrestructure model and the Interface model. Chemical 

additives which will alter the electrical properties according to the 

Interface model, but which will not effect microstrueture development 

will be utilized to further test the Interface model. 

- 
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6.  Ke«l«tov and Conductor Evaluation 

Predictions of the ■icroatructure and Interface model« will be 

utilized to develop optimum resUtor and conductor formulation» within 

the given materials system. The performance of these will be evaluated 

according to the list of specifications developed. 

■ —i 
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